Gut hormones play a key role in the regulation of food intake, energy expenditure, glucose homeostasis, lipid metabolism, and a wide range of metabolic functions in response to food ingestion. These hormones are altered in metabolic diseases, such as obesity and type 2 diabetes, and are thus proposed to be possible targets for the prevention or treatment of these diseases. It is clear that food composition, macronutrients, and other non-nutrient components as well as the physical properties of food not only modulate the secretion of gut peptides but also modulate transcription and enteroendocrine cell differentiation, which ultimately modifies gut hormone response. The specific mechanisms or sensing machinery that respond to the different components of the diet have been studied for many years; however, over the last few years, new molecular genetic techniques have led to important advances, thereby allowing a deeper understanding of these mechanisms. This review addresses the current knowledge regarding enteroendocrine cells and how diet interacts with this machinery to stimulate and regulate the secretion of gut peptides. The potential for diet interventions as a promising strategy for modulating gut hormone responses to food ingestion and, ultimately, preventing or treating metabolic diseases is being emphasized considering that these diseases are currently a public health burden. Adv. Nutr. 3: 8-20, 2012. 
Introduction
In recent years, there has been an increasing awareness of the role of the gut (intestine) in metabolism. Gut cells are probably the first point of contact with ingested food; therefore, it is clear that they must prepare the organism for the nutrients that are entering the system. Of the cells that comprise the gut, there are many different subtypes of enteroendocrine cells. These cells have become increasingly more important over the past few years, because the production of their hormones plays a key role not only in the regulation of food intake but also in energy expenditure, glucose homeostasis, and a range of metabolic functions in response to food ingestion (1, 2) . For instance, some of these hormones, such as GLP-1, 5 GIP, or PYY, seem to be altered in metabolic disease states such as obesity and type 2 diabetes (3, 4) . Whether this alteration is causal or is a consequence remains to be determined. In addition, dietary factors have been shown to strongly influence the regulation of these peptides. Oligofructosaccharides, e.g., have been shown to mediate obesity-associated inflammation states in rodents via the modulation of gut hormones levels, such as GLP-2 (5). In the context of the recent epidemic of obesity and diet-related diseases, it is important to understand the nature of the different enteroendocrine cells and how diet interacts with them for the secretion and regulation of gut peptides.
The specific mechanisms underlying the sensing machinery that responds to different nutrients and non-nutrient components of the diet have been studied for many years; however, due to the dispersed nature of enteroendocrine cells as well as the inability to distinguish the different cell types morphologically for single cell analysis (6) , the characterization of this machinery has been restricted to cell line models, which are not always accurate models of native enteroendocrine cells. However, over the past few years, new molecular genetic techniques, such as fluorescent protein expression in mice under the control of a promoter for a peptide hormone precursor, have enabled the in vivo identification, primary cell isolation, and culturing of each type of enteroendocrine cell. These techniques have also allowed the detection of proteins that could be involved in the sensing mechanisms and a deeper exploration of the 1 Supported by a CONACYT grant. 2 Author disclosures: S. Moran-Ramos, A. Tovar, and N. Torres, no conflicts of interest.
morphology of enteroendocrine cells. This characterization has led to important advances over the past years. Therefore, the purpose of this review is to focus on the current knowledge concerning enteroendocrine cells and how diet interacts with their machinery to stimulate and regulate the secretion of gut peptides.
Enteroendocrine cells
The intestinal surface has a unique architecture consisting of villus and crypt structures. The villus is a finger-like projection protruding into the lumen to increase the surface area of the small intestine by almost 30-fold (Fig. 1) . Gut stem cells reside in crypts and are differentiated by notch signaling into absorptive enterocytes, paneth cells, goblet cells, tuft cells, and enteroendocrine cells (7, 8) . The latter are fully differentiated cells that, along with goblet and paneth cells, constitute the secretory cell types in the small intestine, whereas absorptive enterocytes comprise 90% of the epithelium (9) .
With the exception of paneth cells, epithelial cell turnover occurs quite rapidly, with a lifespan of 3-5 d. This turnover occurs via exfoliation at the tips of the villi, i.e. the cells presumably undergo apoptosis and are extruded into the lumen in distinction to nondiffuse endocrine organs, perhaps suggesting more plasticity (10, 11) . Unlike many other endocrine cells that differentiate early in life and turn over slowly, enteroendocrine cells self-renew and differentiate from a large reservoir of stem cells throughout their lifespans (7) .
Enteroendocrine cells are scattered throughout the intestinal tract and are embedded in a majority of nonendocrine cells, including absorptive enterocytes, goblet cells, and paneth cells. Although they represent~1% of the epithelial cell population, they are considered the largest endocrine relative to the total numbers of cells (11, 12) . There are at least 15 subtypes of enteroendocrine cells that secrete a wide range of peptide hormones, which, in a complex manner, control physiological and homeostatic functions in the digestive tract, particularly postprandial secretion and motility (13, 14) . A summary of some of the different enteroendocrine cell subtypes, secreted peptides, and their functions is provided in Table 1 . Initially, these cells were classified primarily by their secreted peptide; however, it is now clear that some of these cells are able to secrete more than one hormone.
As summarized in Table 1 , the primary functions of hormones secreted by the enteroendocrine cells are to coordinate the response of the gastrointestinal tract to food ingestion. Therefore, it has become clear that a key function of enteroendocrine cells is to act as sensors of luminal contents, thereby functioning as transepithelial signal transducers with their physicochemical signals, resulting in exocytosis of biological mediators into the circulation (11) .
In terms of physiology, most enteroendocrine cells have been described as open cells with the ability to interact with luminal content. More recently, different transporters, such as SGLT1, taste receptors, and other GPR have been identified in some enteroendocrine cells as part of the machinery that interacts with chemical food components to trigger gut peptide release (15) (16) (17) (18) . In the context of the functions of gut peptides in satiety and metabolism as well as their alterations in obesity and metabolic-associated diseases, it is critical to understand how food components interact with enteroendocrine cells to regulate the secretion of these peptides. An understanding of this process could help with determining dietary strategies that modulate the secretion of these peptides. Such dietary modifications could be used as a preventive measure against or as a part of a treatment for metabolic diseases.
Due to the nature of the peptides that enteroendocrine cells secrete, the most studied cells are K, L, and I cells. Thus, this review will cover the characteristics and dietcell interactions of these 3 cell types. K cells and GIP K cell overview. After the conceptualization of the gut as an endocrine organ, Brown et al. (19) in 1971 purified a peptide capable of inhibiting gastric emptying and called it GIP. Later in 1973, Dupre et al. (20) determined that this peptide was also responsible for the enhancement of glucose-induced insulin secretion, the so-called incretin effect. GIP secretion was shown to be stimulated by ingestion of glucose and fat; however, the insulin response due to fat ingestion was observed only if glucose was also administered (20) . The latter effect seems to be a safety mechanism for the inappropriate stimulation of insulin release in a high-fat, low-carbohydrate meal (10).
Localization. K cells were originally identified in the small intestine via their ultra-structural features. However, it was not until 1975 that Buffa et al. (21) showed that these K cells in the small intestine reacted to GIP antisera. The characteristic appearance of these cells was later described as intracellular secretory granules with a small electron-dense core surrounded by a concentric electron-lucent halo (10) .
Similar to other enteroendocrine cells, K cells are scattered along the intestinal tract; however, the greatest density of K cells is found in the duodenal mucosa and has been estimated at 13/1000 epithelial cells (22) . More recently, a subset of enteroendocrine cells coexpressing GIP and GLP-1 in the mid-intestine has been found and is typically referred to as K/L or L/K cells for convenience (22) (23) (24) (25) .
K cells are an open type of enteroendocrine cell with a connection to the gut lumen. The cell contains inner secretory granules where the gut peptide GIP is stored. Upon electrophysiological stimulation, these granules fuse with the basolateral membrane to release their contents.
GIP biological actions. Although the prime physiological role of GIP is to increase insulin secretion induced by intestinally absorbed nutrients, the GIP receptor has been found in different tissues, suggesting that it has variable extrapancreatic functions. Indeed, it has been shown that GIP modulates calcium deposition in bone and bone formation (26, 27) and has an important role in lipid metabolism. GIP has been reported to stimulate fat deposition in adipocytes by increasing the activity of lipoprotein lipase (28) (29) (30) . Moreover, high fat-fed and ob/ob mice that are knockedout for the GIP receptor, although mildly glucose intolerant, were protected against obesity (31) . In the same line, GIP receptor antagonism reversed obesity and metabolic-associated abnormalities in high fat-fed rats (32) . These and other data suggest that GIP as is a metabolically thrifty gene and postulate it as possible link between overnutrition and obesity (31, 33, 34) .
Diet effects and mechanisms. Fasting plasma concentrations of GIP are relatively low, with values of~10 pmol/L. However, upon food ingestion, GIP concentration rises several-fold, usually within 10-20 min (10) . The specific components responsible for the secretion of GIP are associated with the nature of the food composition. For example, GIP secretion is strongly stimulated by fat and carbohydrates, whereas proteins are less potent inducers of the hormone (35, 36) .
Dietary fat. Dietary fat is the most potent stimulus for GIP secretion (10) . TG hydrolysis appears to be necessary for the induction of GIP secretion, because the ingestion of orlistat, an inhibitor of lipoprotein lipase, with a mixed meal significantly attenuated the GIP response (37) . Moreover, the finding that olive oil induced a greater secretion of GIP in healthy participants compared to butter suggested that the fatty acid composition of dietary fat may have an effect on GIP secretion (38) . Linoleic acid induced a significant GIP response in primary K cell culture. These cells express GPR40, -120, and -119, which are receptors known to be involved in fatty acid sensing, thereby raising the possibility that the fatty acid-sensing mechanisms of these cells could be mediated by these receptors (10, 25) . For instance, Edfalk et al. (16) showed that the GIP response induced by fat was impaired in GPR40 mutant mice.
Carbohydrates. The mechanism behind GIP secretion by carbohydrates is associated with intestinal SGLT1. The fact that phlorizdin, a SGLT1 inhibitor, impairs glucose-stimulated GIP release supports this idea. However, because stimulation with a-methylglucopyranoside, a nonmetabolizable substrate of SGLT1, gives a significantly lower GIP response compared to glucose, a further glucose metabolism is thought to be needed to fully induce GIP secretion (25) . Jang et al. (39) found that mice knocked-out for a-gustducin (a component of the sweet taste receptor signaling cascade) had deficiencies in GIP secretion as well as decreased insulin response and impaired glucose tolerance. Based on the latter fact, a mechanism related to the presence of sweet taste receptors in the gut has been thought to be involved in carbohydrate-induced GIP secretion. Although the same research group found that sucralose, an artificial sweetener, induced GIP secretion in a murine cell line (40) , other authors did not demonstrate the induction of GIP secretion in vitro and in vivo by such artificial sweeteners as acesulfame K, saccharin, or sucralose (41) . Therefore, it seems that the evidence for the role of sweet taste receptors in GIP induction is inconclusive and more studies are needed to determine the exact role of sweet taste receptors in the carbohydrate induction of GIP secretion (42) .
Protein. The effect of protein on GIP secretion has been poorly studied. Although some studies report no effect of whole protein on GIP secretion (35) , the administration of protein hydrolyzate to rats more recently induced a significant response on GIP secretion, and the administration of omeprazole, an inhibitor of gastric acid secretion, severely diminished the response, suggesting that the effect could be partially mediated by the acid-stimulatory properties of protein (43) . The administration of a protein beverage in healthy subjects stimulated modest GIP secretion alone or in combination with glucose (44) . Later, Carr et al. (45) showed strong GIP secretion after the administration of a protein-rich meal in healthy participants. Another study even observed that GIP stimulation in healthy individuals was different with differing types of proteins, with whey being the most potent inducer (46) . A similar effect was observed in patients with type 2 diabetes in whom the addition of whey protein to the breakfast or lunch meal induced a greater response in GIP secretion compared with other sources of protein (47) . The latter suggests that the amino acid pattern can modify the postprandial GIP response. For instance, prior studies have reported the induction of GIP secretion by certain amino acids (10,48), whereas Parker et al. (25) showed a potent induction of GIP secretion by glutamine in K primary cells.
Other diet components. Other non-nutrient components of the diet, such as coffee, are known to effect GIP secretion. In a study by Johnston et al. (49) , the secretion of GIP was significantly decreased when coffee plus glucose was ingested in contrast to glucose alone, and this effect was even greater with decaffeinated coffee. These researchers suggested that the phenolic compounds present in coffee inhibit glucose transport, thereby attenuating GIP secretion (49) . In contrast, Beaudoin et al. (50) showed that the consumption of coffee (regular or decaffeinated) before an oral glucose tolerance test and after an oral fat tolerance test increased the GIP response. The difference in findings could be due to the distinct methodologies of the studies. Therefore, more studies are needed to characterize the role of coffee in GIP secretion. However, it seems likely that coffee, whether caffeinated or decaffeinated, interacts with enteroendocrine cells to modify the GIP response.
I cells and CCK
Overview. CCK, as mentioned by Liddle et al. (51) , was first described by Ivy and Oldberg in 1928 as a stimulant of gall bladder contraction. However, it is now known that CCK also stimulates pancreatic enzyme secretion and inhibits gastric emptying and food intake. Collectively, these actions fulfill the primary role of CCK in the gastrointestinal tract, which is to regulate protein and fat digestion in the upper small intestine (51-53).
Localization. I cells, which are localized primarily in the upper and intermediate gastrointestinal tract (duodenum and upper jejunum) as well as to the enteric nerves of the colonic wall, are responsible for CCK production and secretion. Importantly, CCK is also released from the central nervous system; however, due to the nature of this review, we will focus primarily on the CCK produced by I cells (54) .
I cells are open cells oriented toward the intestinal lumen. They are roughly triangular or flask-shaped with the apical surfaces oriented toward the lumen, while the membrane-bound cytoplasmic granules containing CCK are concentrated around the basal surface (51, 54, 55) . This allows the cell to be stimulated by intestinal nutrients and release their content into the blood and/or surrounding tissue. I cells have been found to be more abundant in intestinal crypts than in the villi, and the presence of pseudopod-like basal processes has recently been described in~50-65% of the I cell population. Although the functionality of these structures is unknown at present, the authors suggest that these structures could receive information from neighboring cells, which are primarily enterocytes (55) .
Similar to other enteroendocrine cells, the I cell turnover time is only a few days and the cells appear to differentiate from an enteroendocrine lineage, which also includes S cells (12) .
Biological actions of CCK. Selective processing of proCCK, which is a 115-amino acid precursor, leads to multiple bioactive CCK forms of different lengths. The major circulating forms in humans are CCK-58, -33, -22, and -8, all ligands of the CCK1R (52, 54) .
As previously mentioned, the primary action of CCK is in gallbladder contraction, which is mediated through CCK-A receptors on the surface of gallbladder smooth muscle (54) .
Another role of CCK is to stimulate pancreatic enzyme secretion. Prolonged administration of CCK has been shown to stimulate the synthesis of pancreatic enzymes and cellular proliferation (52) . CCK also plays an important role in inhibiting gastric emptying; in fact, blocking CCK-A receptor inhibits the effect of fat and protein on gastric emptying, emphasizing that the ability of fats and proteins to inhibit gastric empting is CCK dependent (54, 56, 57) .
CCK has been shown to inhibit food intake in multiple test situations and species, including humans. The food intake inhibition effect is observed relatively shortly after food ingestion; however, its duration is also brief. This effect is mediated via activation of vagal afferent mechanosensitive and chemosensitive fibers in the stomach and duodenum (52, 54) .
More recently, a novel role of CCK was discovered in rodents. Cheung et al. (58) showed that CCK-8 was capable of lowering glucose production via triggering the gut-brain-liver neuronal axis. This effect was absent in CCK receptor-deficient rats (OLETF rats) and rats fed a high-fat diet, suggesting that intestinal CCK resistance leads to the dysregulation of glucose production and homeostasis in diet-induced obesity.
Diet effects and mechanisms. Fasting plasma CCK concentrations are w1 pmol/L in most species and rise to 5-10 pmol/L following meal ingestion. Dietary fat and proteins are the most potent stimulators of CCK release, whereas carbohydrates are weak stimulants (48, 51, 54) .
Dietary fat. Dietary fat has been shown to stimulate CCK release in animals and humans. In both species, TG must be hydrolyzed to fatty acids to stimulate CCK secretion. For instance, pancreatic lipase insufficiency is associated with a poor CCK response to TG but a normal response to oleic acid (48, 54, 59 ). In addition, intestinal infusion of the lipase inhibitor, orlistat, together with TG virtually abolishes the postprandial release of CCK (60, 61) . The length of the fatty acid carbon chain also determines CCK release. Most research studies have shown that fatty acids with an acyl chain length < 10 carbon atoms do not induce CCK secretion in humans, whereas long-chain fatty acids with at least 12 carbons are the most potent stimulants of CCK (48, 62) . The sensing mechanism by which I cells detect long-chain fatty acids and trigger CCK secretion has long been associated with GPR. In the intestine cell line STC-1, Tanaka et al. (63) showed that long-chain fatty acid-induced CCK secretion was mediated via GPR120 (63) . However, recently, using fluorescence-activated cell sorting isolation of CCK-producing cells (I cells), Liou et al. (18) demonstrated that the expression of GPR40 was 100-fold greater in cells producing CCK compared to cells that did not express it. They also showed that CCK secretion in vitro in response to linolenic was absent in GPR402/2 cells, whereas GPR40 null mice had a severely impaired CCK response induced by long-chain fatty acids. Because the response in mice was not completely blunted, Liou et al. (18) discussed that it was likely that an indirect fatty acid-sensing mechanism may be associated with chylomicron component ApoA-IV. In fact, ApoA-IV secreted by enterocytes in response to absorption of long-chain fatty acids previously has been associated with a satiety factor and an activator of CCK-responsive vagal afferents; however, its exact role remains to be elucidated (64) (65) (66) (67) .
Carbohydrates. Carbohydrates have been shown to mildly induce CCK release; however, the sensing mechanisms have not yet been elucidated. Although taste receptors have been associated with gut hormone-releasing mechanisms from the enteroendocrine cell, Gerspach et al. (68) recently showed that inhibition of the sweet taste receptor T1R2/T1R3 by lactisole with a glucose load in healthy humans did not modify the CCK response, suggesting that glucose-induced CCK secretion is not mediated by these sweet taste receptors and that other glucose-sensing receptors must be involved.
Proteins. Proteins and, more specifically, digested proteins (protein hydrolyzates) are more effective stimulants of CCK secretion than are carbohydrates (69, 70) . Amino acids have been shown to have a direct effect on I cells, being the most effective aromatic amino acids. The specific sensing mechanism of these amino acids was recently demonstrated to occur via a GPR, the CaSR. Wang et al. (70) 
, and, in parallel, inhibit basal K + channel activity, causing I cell depolarization, which is consistent with changes necessary for hormone secretion. This effect is abolished in native I cells with deletion of CaSR without affecting basal CKK secretion, suggesting that CaSR is required for CCK secretion in response to these aromatic amino acids (70) . Additionally, Nakajima et al. (71) showed that in the STC-1 enteroendocrine cell line, the CCK secretion and Ca 2+ mobilization induced by an arginine-rich b51-63 peptide from soybean b-conglycin was blocked when incubated with a CaSR antagonist, suggesting that this effect is also mediated by the CaSR.
Luminal protein hydrolysate (peptone) increases not only the secretion of CCK but also its transcription (15) . The sensing mechanism of peptone is related to GPR93, because in the overexpression of GPR93 in STC-1 cells (an enteroendocrine cell line), a significant increase in CCK transcription and secretion was observed upon peptone stimulation. In parallel, an increase in cAMP level was observed, suggesting that the peptone-induced secretion of CCK in STC-1 cells could be mediated via cAMP; however, whether this mechanism is functional in the enteroendocrine I cell remains to be elucidated (15, 18) .
Other dietary components. Dietary fiber has been shown to affect postprandial CCK release. In several studies, mainly viscous soluble fibers produced a greater effect on postprandial CCK secretion compared to low fiber or control meal (72, 73) .
Other dietary components, such as steroid glycosides from H. gordonii, which is a plant grown in Africa that has been shown to decrease food intake, as well as other bitter tastants, have been shown to induce CCK release in enteroendocrine cells lines. The mechanism was recently suggested to be associated with bitter taste-sensing mechanisms coupled to hormone release (74); however, their relevance in vivo remains to be determined. insulinotropic actions of GLP-1 and it was therefore characterized as the second incretin hormone (77) .
Although L cells were initially classified due to the secretion of GLP-1, they also secrete GLP-2, PYY, and oxyntumodulin. PYY was initially isolated in the 1980s from porcine intestine. Although PYY is released from L cells as a 36-amino acid peptide, it is readily truncated by dipeptidylpeptidase IV, resulting in 2 circulating isoforms, PYY1-36 and PYY3-36 (78, 79) .
Localization. The L cell is an open-type intestinal cell that makes direct contact with the lumen of the gut and senses the passage of nutrients along the gastrointestinal tract (6) . In keeping with K cells, L cells are scattered along the gastrointestinal tract; however, the highest density has been found in the distal ileum and colon (80) and, as with other enteroendocrine cells, their secretory granules are harbored at their base.
Recently, the morphology of L cells from the ileum and colon has been studied more thoroughly by Bohorquez et al. (80) . They found that L cells in the ileum have a classic L shape form with long extending basal processes, whereas those present in the colon have a spindle-or sigmoidallike contour that weaves between epithelial cells while also maintaining contact with both the lumen and lamina propria. These researchers suggest that this particular shape may allow nutrient absorption and may result in gut hormones being secreted in an endocrine and paracrine manner.
Biological actions: GLP-1, PYY, and GLP-2. GLP-1 contributes to glucose homeostasis not only by potentiating insulin release but also via its pancreatic and extra-pancreatic actions, which contribute to the pleiotropic effects of this hormone. GLP-1 has been shown to stimulate GIP secretion, induce b-cell proliferation, increase insulin gene transcription and mRNA stability, and suppress glucagon secretion via direct interaction with the GLP-1 receptor in pancreatic a-cells and indirectly via stimulation of somatostatin and insulin secretion. Its extra-pancreatic actions include the inhibition of gastric acid secretion, gastric emptying and motility, and modification of the nutrient entry rate into the circulation; thus, it plays a key role in the regulation of blood glucose levels (77) . GLP-1 has also been characterized as a key regulator of appetite and food intake by directly stimulating anorectic pathways in the hypothalamus and brainstem and by acting through the vagus nerve (1, 81) .
The biological action of PYY involves a wide range of digestive functions, which include regulation of insulin secretion, inhibition of gastric acid secretion, gastric emptying, mouth-to-cecum transit time, and gallbladder contraction in the cephalic phase in humans, with the latter functions being carried out by the PYY 1-36 isoform. On the other hand, PYY has been shown to potently decrease appetite and reduce weight gain at physiological levels (80, 82) . These anorectic effects are mediated via interaction with the vagus nerve and the hypothalamus (48) . Of the 2 PYY isoforms, PYY 3-36 , appears to be the dominant isoform in humans, constituting~65% of the circulating PYY during the fasting state (83) .
GLP-2 is a 33-amino acid peptide whose main biological role has been associated with intestinotrophic actions, such as crypt cell proliferation and reduction in enterocyte apoptosis as well as enhancement of hexose transport, reduction of epithelial permeability, improvement of gut barrier function, and reduction of gastric motility and acid secretion (84, 85) .
Diet effects and mechanisms.
GLP-1. GLP-1 levels in plasma in the fasting state are typically in the 5-10 pmol/L range and they rise within 10-15 min after meal ingestion, reaching peak levels of 15-50 pmol/L around min 40 (6, 81, 86) .
Although all macronutrients (proteins, carbohydrates, and lipids) have been shown to stimulate GLP-1 secretion (87), the magnitude of the response varies between nutrients and the general consensus is that carbohydrates and lipids are more potent stimulators of GLP-1 release than are proteins (88-91).
Carbohydrates. Carbohydrate, and more specifically glucose, is a potent stimulator of GLP-1 in vivo and in vitro, although the underlying mechanisms for its stimulation are still a matter of debate. The proposed mechanism includes the closure of the KATP channel, SGLT1 activity, activation of sweet taste receptors, and the proximal-distal loop pathway. The latter was initially proposed to explain the early phases of GLP-1 secretion, given that L cells are primarily located in the distal part of the small intestine and colon (6) . However, it is now clear that direct exposure of enteroendocrine L cells to carbohydrates is also needed, because glucoseinduced GLP-1 secretion was severely diminished when the infusion was limited to the proximal 60 cm of the intestine, thereby leaving the ileum and colon (the richest source of L cells) without stimulation (92) .
Nielsen et al. (93) (95), the implication of these channels in glucosestimulated GLP-1 secretion has been questioned.
Additionally, the principle glucose transporter on the luminal surface, SGLT1, has been implicated in glucose stimulation of GLP-1 secretion via its ability to trigger membrane depolarization through electrogenic action (96) . In fact, Phloridzin, which blocks SGLT1, has been shown to inhibit the release of GLP-1 completely in response to glucose in animal models, demonstrating that contact with the intestinal mucosa is not sufficient to stimulate GLP-1 secretion (97) .
As discussed earlier, the presence of the taste receptor machinery in enteroendocrine cell lines, animal models, and humans (39, 98, 99) as well as the impairment in secreting GLP-1 in response to an oral glucose load in a gustducin Diet interaction with enteroendocrine cells 13 null mice (39, 100) has suggested a role for sweet taste receptors in the secretion of GLP-1. Although the ingestion of sweeteners alone did not stimulate GLP-1 secretion in humans, the observation that sweeteners in combination with carbohydrates stimulate glucose absorption (101) has raised the question of whether this combination may have a synergistic effect on incretin release (102). Brown et al. (103) observed a synergistic effect of 75 g of glucose and diet soda (sucralose + acesulfame K) in the secretion of GLP-1. In addition, Gerspach et al. (68) recently showed that glucose-induced GLP-1 secretion was significantly diminished when lactisole, a sweet taste receptor inhibitor, was also administered. The observed effect was different when glucose was administered i.g. or intraduodenally, which suggests a complex regulation mechanism (68) . It seems that sweet taste receptors do play a role, at least in glucose-induced GLP-1 secretion; however, sweet taste receptors do not seem to be the only mechanism responsible for GLP-1 releaseand more studies are needed to reveal the exact role of these receptors in GLP-1 secretion.
Dietary fat. Fat, as previously mentioned, is a potent inducer of GLP-1 release. However, the response to fat seems to be delayed compared to the response to carbohydrates. The length of fatty acids as well as the degree of unsaturation appears to influence the magnitude of the response (104,105). Thomsen et al. (38) observed that GLP-1 secretion in healthy humans was greater in response to olive oil (rich in MUFA) than with butter (rich in SFA). The same effect, although to a lesser degree, was observed years later by the same author in patients with type 2 diabetes (106). In addition, Feltrin et al. (107) showed that when lauric acid (12 carbon atoms fatty acid) was administered intraduodenally, it induced a significant GLP-1 response, whereas decanoic acid (C10 fatty acid) did not. Another interesting finding by Yoder et al. (108) was that the lipid-induced response of GLP-1 secretion in rats appears to be dose dependent when administered intraduodenally.
In vitro and in vivo studies have tried to elucidate the mechanism for fat-induced GLP-1 secretion. The hydrolysis of TG into FFA appears to be necessary for its stimulation, because several authors have reported that in the presence of orlistat, a lipase inhibitor, the GLP-1 response in humans is significantly attenuated (61, 105, 109) . Beglinger (105) also found that administration of a CCK1R antagonist with longchain fatty acids, such as oleic acid (C18:1), severely diminished the secretion of GLP-1, suggesting that long-chain fatty acids first stimulate CCK secretion, which subsequently acts on CCK1R, initiating the response on GLP-1.
The presence of certain GPR, such as GPR119, -120, -40, and -43, which are known as signaling mediators of fatty acids, has been identified in the intestine and enteroendocrine cells and cell lines (16, 104, 110, 111) , suggesting that these receptors play a role in the induction of fat-induced gut hormone secretion. Hirasawa et al. (104) observed that GPR120 functions as a receptor for unsaturated long-chain fatty acids, promoting the secretion of GLP-1 in vivo and in vitro with a parallel, transient increase in intracellular calcium (63) 
fatinduced GLP-1 in GPR40 null mice. Chu et al. (110) found that activating GPR119, a receptor of the naturally occurring lipid oleoylethanolamide, with an agonist significantly increased GLP-1 and improved glucose tolerance (112) .
Proteins. Proteins are weak stimulators of GLP-1 release (89,90) ; however, it seems that protein hydrolysis is necessary. Different proteins have been shown to induce differential responses to GLP-1; for instance, whey protein exerts a significant major increase in postprandial GLP-1 levels compared to casein (113) . This effect has been associated with the amino acid profile of the proteins. Reimann et al. (114) observed the effects of different amino acids in GLP-1 secretion in GLUTag cells, an enteroendocrine cell line, and found that glutamine was the most potent, whereas phenylalanine or arginine had no effect. The effect of glutamine was confirmed in healthy, obese, and diabetic participants (115) . Another study even found that the consumption of glutamine before a mixed meal increased postprandial GLP-1 secretion, thereby improving glucose levels in type 2 diabetic individuals (116). More recently, Tolhurst et al. (117) confirmed this effect in isolated mouse L cells. They found that the mechanism was associated with an increase in cAMP and cytosolic Ca 2+ . Although it is not clear whether the stimulation is from the apical or basolateral surface, they suggest the possible existence of a glutamine-responsive membrane receptor coupled to Gs signaling pathways. Le Neve et al. (118) recently showed in the NCI-H716 cell line, a human enteroendocrine cell line, that GLP-1 secretion was induced by selective tetrapeptides and was accompanied by an increase in intracellular calcium. They ruled out any specific amino acid induction, because neither the shorter peptides nor the corresponding amino acids were able to elicit a response. In contrast to the effects seen in other cell lines, they observed no changes in cAMP. They discussed that although the nature of the sensor and the intracellular mechanisms underlying stimulus-secretion coupling remain unknown, it probably involves store-operated calcium channels, because the addition of 2-Aminoethoxydiphenyl borate, a store-operated calcium channel inhibitor, abolished both the [Ca 2+ ]i response and the GLP-1 release from NCI-H716 cells (118) .
Results found by other authors in STC-1 cells, an enteroendocrine cell line model (119) , suggest that Na-coupled neutral amino acid transporter 2 could also be a possible candidate for sensing amino acids, resulting in membrane depolarization, and thereby allowing an increase in intracellular calcium in enteroendocrine cells. Despite the considerable advances made in our understanding of protein and amino acid sensing in enteroendocrine cells, it is clear that more research is needed to fully characterize the mechanisms underlying GLP-1 secretion induced by proteins.
Other diet components. Other dietary components have been shown to influence GLP-1 levels. Basal GLP-1 levels have been observed to be significantly increased in obese rodents with chronic administration of the prebiotic fiber oligofructose compared to the nonfermentable fiber cellulose (120) . In the same line, chronic administration of nondigestible carbohydrates in humans, which are fermented by intestinal microflora, have been shown to increase postprandial GLP-1 levels. Cani et al. (120) showed that the latter effect was positively associated with breath hydrogen excretion, thus suggesting that the increase in GLP-1 levels could be related to production of SCFA produced by bacterial fermentation. Indeed, the SCFA receptor GPR43 has been positively identified in L cells (121) . Moreover, Kaji et al. (122) recently showed that feeding rats with a fructooligosaccharide-containing diet increased the densities of the GPR43-positive enteroendocrine cells in the proximal colon by over 2-fold compared to controls. Furthermore, the mechanisms of SCFA induction in GLP-1 levels have been associated with intestinal differentiation of stem cells into L cells as well as the promotion of GLP-1 synthesis in the lower part of the gut (123) . Other dietary fibers, such as resistant starch, increased basal and postprandial levels of GLP-1 in rodents (124) . The intake of wheat fiber for >9 mo in hyperinsulinemic subjects was sufficient to increase postprandial GLP-1 levels (4).
Other dietary components, such as capsaicin, the pungent principle in hot red peppers or chiles, have been shown to mildly increase the secretion of GLP-1. The authors suggested that these could be associated with increased gastric emptying, resulting in earlier stimulation of L cells (125) . However, because this is the first study to observe this effect, it is clear that more studies are needed to elucidate the effect of capsaicin on gut hormone release.
PYY PYY concentrations rise within 15-30 min after meal ingestion and appear to be initiated by an indirect neuronal reflex, because its release occurred before the meal could trigger PYY secretion from colon cells (126) . PYY secretion is stimulated by different macronutrients and is partially related to the calories ingested. Although it has been generally observed that fat is the most potent stimulator of PYY release in humans (48, (127) (128) (129) , other authors have reported that protein-rich diets cause the greatest increase in PYY levels in healthy and obese humans as well as in rodents. The latter is associated with a greater satiety effect (83) . In most cases, carbohydrates appear to be the less potent secretagogues of PYY. Lomenick et al. (129) have also shown that the response to different macronutrients varies between normal weight and obese individuals. In obese subjects, fat-and carbohydrate-induced PYY secretion was significantly reduced compared to lean subjects, whereas the response induced by protein increased. Batterham et al. (83) , on the other hand, found that PYY secretion decreased in obese subjects upon stimulation with all macronutrients. Although the variations observed in these 2 studies are inconsistent, it is clear that obese subjects have a modified response to PYY secretion induced by macronutrients. The reason for this effect, although unknown, could be associated with modifications to other physiological signals or alterations in the sensing mechanisms of enteroendocrine cells in the obese state.
Fat. Fat has been shown to be a potent inductor of PYY secretion, and the hydrolysis of TG appears to be essential for this process, because the administration of orlistat almost completely abolished fat-induced PPY secretion. More recently, Hata et al. (130) found that inhibition of intestinal microsomal TG transfer protein, which is the protein responsible for packing TG into chylomicrons, produced an increase in PYY secretion. In parallel, they found an increased concentration of FFA in the intestinal lumen, suggesting that this increase may be associated with the observed increase in PYY. However, the time course for both events was inconsistent; therefore, further investigation is needed (130) . In the same study, the researchers also found elevated concentrations of TG in the intestinal tissue, an expected finding given that microsomal TG transfer protein catalyzes TG packing into chylomicrons. However, this result raises the question of whether the lipid content in the enterocyte may play a role in enteroendocrine cell stimulation.
The length of fatty acids also plays an important role, because only long-chain fatty acids (as oleic acid; C18:1) induced a response, whereas medium-chain fatty acids (caprilic acid; C8:0) did not induce any response. In addition, the administration of a CCK-1R antagonist in healthy subjects almost attenuated the long-chain fatty acid-induced PYY secretion, suggesting that the induction of PYY secretion by long-chain fatty acids is partly through CCK stimulation (60) . As per the present data, it would be interesting to study fatty acid induction in PYY secretion in isolated L cells to determine whether CCK alone is responsible for the long-chain fatty acid-induced response in PYY.
Carbohydrates. Recently, Gerspach et al. (68) showed that i.g. glucose-induced PYY secretion was significantly decreased in the presence of lactisole, a sweet taste receptor antagonist in healthy men; however, the latter effect was not seen with the administration of a mixed meal. Thus, they suggest that glucose-induced PYY secretion could be partially mediated by this sweet taste receptor; however, the secretion induced by the other components of the mixed meal (protein and fat) may involve other sensors present in enteroendocrine cells in addition to outweighing the effect induced by glucose.
Other dietary components. Dietary fiber has been shown to modulate PYY secretion and this effect has been associated with the rheological properties of fiber. The reduction in viscosity in oat bran beverages significantly increased PYY secretion (131) . Although another study also reported an increase in PYY secretion due to the addition of psyllium fiber (132), this effect was not notably clear, because the macronutrient composition between the test meals and the control meal differed with respect to carbohydrate and, more importantly, fat content. Given that fat is a potent inductor of PYY secretion, this effect may not be entirely due to the addition of fiber.
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Chronic ingestion of prebiotics, such as fructooligosaccharides and resistant starch, has also been shown to increase levels of PYY in humans and rodents (120, 124, 133) , This property has been associated with the fermentation of nondigestible polysaccharides by the gut microbiota, which produce SCFA that are thought to stimulate enteroendocrine cells (4) .
GLP-2
Although the dietary sensing mechanisms of L cells in relation to GLP-1 secretion have been well studied, their specific effects on the secretion of GLP-2 have not been evaluated. Only Cani et al. (5) have shown that upon chronic administration of oligofructose, a prebiotic fiber to obese mice, basal levels of GLP-2 and GLP-1 increased (120) . One can speculate that because they are secreted from the same enteroendocrine cell type, their secretion pathways are similar; however, further research is needed.
Conclusions
This review summarizes the current knowledge concerning dietary effects and interactions with enteroendocrine cells. In the last few years, new molecular techniques have resulted in important advances in our knowledge of the food-sensing mechanisms of enteroendocrine cells, allowing a deeper understanding of these processes. It is clear that food composition, macronutrients, and other non-nutrient components as well as the physical properties of food not only affect the secretion of gut peptides but also their transcription and the differentiation of enteroendocrine cells, which ultimately modifies gut hormone responses.
The role of gut hormones in the maintenance of metabolic homeostasis and their observed alterations in metabolic diseases, such as obesity and type 2 diabetes, has resulted in their being considered as possible targets for the prevention and treatment of these diseases (1) . Data have shown that obese and type 2 diabetic subjects have an increased response to GIP secretion after the ingestion of a meal (10, 77) . In fact, GIP has been established as a possible link between overnutrition and obesity. In a mouse model of obesity induced by a high-fat diet and in ob/ob mice, antagonism of the GIP receptor or GIP knockout was able to prevent or revert some of the metabolic disturbances (32) , thereby raising the possibility of targeting GIP secretion or its activity to prevent the metabolic complications associated with obesity (30, 31) . In addition, GLP-1 analogs are currently a line of treatment for type 2 diabetes due to their effects on incretin and in satiety mechanisms (134, 135) . Finally, in bariatric surgeries, such as Roux-en-Y gastric by-pass or sleeve gastrectomy, the observed improvement in patients is accompanied by modifications in the gut hormone profile, suggesting a link between the observed weight reduction and the metabolic improvement of gut hormones (78, 79) .
As discussed throughout this review, gut hormones, such as GIP, CCK, GLP-1, and PYY, play a key role in glucose homeostasis, lipid metabolism, energy expenditure, and food intake. The different macronutrients and non-nutrient components of the diet have a strong influence over the secretion of these hormones. Dietary fat is a potent inductor of GIP and CCK secretion and carbohydrates, specifically glucose, appear to be the major secretagogue of GLP-1, whereas PYY seems to be induced by fat and proteins. Moreover, SCFA produced by gut microbiota because of dietary fiber ingestion have also been shown to modify fasting levels of gut hormones secreted by L cells, highlighting the complex regulation of gastrointestinal peptides (Fig. 2) .
An interesting finding is that GPR play a major role in the sensing mechanisms not only for fatty acids but also for carbohydrates and possibly for sweeteners in the form of taste receptors as well as for certain amino acids.
Although further research is still needed to completely elucidate the sensing mechanisms in these cells and to be able to modulate gut hormones specifically through diet, recent advances have revealed that dietary manipulations are a promising strategy for preventing and treating metabolic diseases, such as obesity and type 2 diabetes, which currently present a considerable public health burden. In addition, novel findings may help to elucidate whether the gut hormone modifications observed in metabolic diseases are a cause or a consequence of these disorders.
